Confocal microscopy utilizing fluorescent dyes is widely gaining use in the clinical setting as a diagnostic tool. Reflectance confocal microscopy is a method of visualizing tissue specimens without fluorescent dyes while relying on the natural refractile properties of cellular and subcellular structures. We prospectively evaluated 76 CNS lesions with confocal reflectance microscopy (CRM) to determine cellularity, architecture, and morphological characteristics. A neuropathologist found that all cases showed similar histopathological features when compared to matched hematoxylin and eosinstained sections. RNA isolated from 7 tissues following CRM imaging retained high RNA integrity, suggesting that CRM does not alter tissue properties for molecular studies. A neuropathologist and surgical pathologist masked to the imaging results independently evaluated a subset of CRM images. In these evaluations, 100% of images reviewed by the neuropathologist and 95.7% of images reviewed by the surgical pathologist were correctly diagnosed as lesional or nonlesional. Furthermore, 97.9% and 91.5% of cases were correctly diagnosed as tumor or not tumor by the neuropathologist and surgical pathologist, respectively, while 95.8% and 85.1% were identified with the correct diagnosis. Our data indicate that CRM is a useful tool for rapidly screening patient biopsies for diagnostic adequacy, molecular studies, and biobanking.
INTRODUCTION
Over 79 000 primary brain tumors and between 200 000 and 300 000 metastatic brain tumors are expected to be diagnosed in the United States in 2017 (1). For many brain tumor patients, treatment requires surgical resection and medical therapy, which are guided by histopathologic diagnosis. Surgically resected tissues are also increasingly used for molecular studies to guide treatment strategies. Harvesting tissue specimens representative of a patient's tumor is therefore critical for proper surgical and medical management. However, tissue is usually grossly selected at the time of surgery or in the department of pathology without microscopic confirmation, potentially yielding substandard tissue of low cellularity or viability, or tissue that is otherwise unrepresentative of the patient's tumor. This problem can be especially true in some CNS lesions in which it is difficult to differentiate normal brain from tumor. In addition, approaches such as stereotactic biopsy can lead to tumor missampling and procurement of unrepresentative tissue, resulting in inaccurate diagnoses and necessitating repeat biopsy to obtain tissue that is useful for diagnosis (2) . Sampling error can also result in the collection and distribution of unrepresentative tissue for biobank and research studies, propagating costly scientific errors in subsequent clinical studies.
Frozen section is the clinical standard for intraoperative histopathological assessment. However, frozen section diagnoses are time-consuming and can decrease both the quality and the quantity of tissue available for evaluation. Frozen section preparation requires embedding tissue in optimal cutting temperature compound, followed by freezing and sectioning with a cryostat to create a tissue slide for staining. After frozen section analysis, the frozen tissue and any additional remaining tissue is typically fixed in formaldehyde and processed for evaluation and diagnosis. However, the sectioning required for frozen section analysis can leave little residual tissue for permanent microscopic evaluation and for staining, both of which are often required for a final diagnosis. Freezing of tissue introduces ice crystals, an especially common problem with edematous brain and spinal cord tissue, which can compromise histopathologic evaluation and negatively influence post hoc immunohistochemical stain quality. A technique that rapidly screens biopsied tissue without tissue loss from sectioning or the introduction of frozen section artifacts could improve the diagnostic yield of tissue samples and increase the likelihood of collecting representative samples.
Confocal microscopy is an optical imaging modality which allows visualization of tissue at differing depths through optical sectioning. This technique provides images of thin sections of tissue without physical sectioning by spatially filtering visualized photons from outside the focal plane. Confocal microscopy coupled with fluorescent contrast agents is becoming increasingly utilized as a clinical tool in gastrointestinal medicine, dermatology, gynecology, and ophthalmology (3) (4) (5) (6) (7) (8) . This imaging modality provides real-time information of cellular morphology and tissue structures. Confocal reflectance microscopy (CRM) is a label-free confocal imaging approach that generates high-resolution images without fluorescent dyes or high-energy light sources required for traditional confocal fluorescence imaging. Instead of fluorescent dye, CRM generates contrast by collecting back-scattered photons after they have interacted with cells and tissues. We previously reported CRM as a means for quickly and safely assessing the cellularity of fresh biopsies from animal models (9) . Here, we report the effectiveness of CRM for rapidly identifying histopathological features from fresh human brain tumor biopsies. To our knowledge, this is the largest series conducted to date evaluating the histopathology of confocal reflectance microscopy in human CNS tissue specimens.
MATERIALS AND METHODS

Patient Tumor Tissues
The Institutional Review Board reviewed and approved the protocol for this study. Patients with suspicious masses or lesions involving the CNS were enrolled prospectively between February 1, 2014, and June 15, 2017, at Barrow Neurological Institute at St. Joseph's Hospital and Medical Center. Written informed consent was obtained from each subject prior to enrollment in the study. We used CRM to examine fresh neoplastic and nonneoplastic CNS biopsies. The tissue samples included pituitary adenoma, glioma, schwannoma, meningioma, tissue showing treatment effect, tumor metastasis, reactive nonneoplasia, giant cell tumor, and central neurocytoma (Table 1) . Fresh human biopsied tissue samples were collected in the operating room and transported to the pathology gross room, where CRM and diagnostic frozen sections were performed. Specimens from patients were collected consecutively. All 76 tissue specimens were received fresh and were subsequently imaged with CRM. For most cases, a frozen section slide of the imaged side was prepared using a cryostat and hematoxylin and eosin (H&E)-stained slides. Seven samples were divided from the clinical frozen-section tissue, imaged, and snap frozen in liquid nitrogen for future RNA analysis.
Confocal reflectance microscopy images were collected by a histotechnologist (K.Y.G.) with confocal microscopy training and a resident physician with a background in molecular imaging (J.G.). All CRM images were reviewed by a neuropathologist (J.M.E.) and compared with the matched H&E frozen-section slide made directly from the tissue or with the matched clinical frozen-section slide. 
Blinded Study
A general surgical pathologist and a neuropathologist, both of whom lacked significant previous experience with CRM, reviewed a tutorial set of CRM images. A test set of 47 images were then reviewed in an online survey. Each case (with images) included information about tumor location and contrast enhancement on MRI (e.g., enhancing mass, right frontal region), but not the final diagnosis. The tissue types included astrocytoma, oligodendroglioma, glioblastoma, pituitary adenoma, central neurocytoma, paraganglioma, normal pituitary gland, tissue showing treatment effect, metastatic carcinoma, meningioma, and normal hippocampus. The surgical pathologist and neuropathologist were asked whether each image represented lesional material. Depending on this determination, the pathologists were then asked if the tissue represented tumor or nontumor and were then directed to a list of diagnoses from which to choose; the list included the option, "not sure."
Confocal Imaging
For CRM imaging, biopsy specimens were placed in uncoated No. 1.5 glass-bottom dishes (MatTek Corp, Ashland, MA). No tissue processing or staining was performed prior to CRM imaging. All CRM imaging was performed with a Zeiss inverted LSM 710 laser scanning confocal microscope (Carl Zeiss AG, Oberkochen, Germany). Reflectance images were acquired by raster scanning the sample with a 633-nm diode laser and collecting reflected photons of the same incidence wavelength. The confocal aperture was set to 1 Airy unit for all imaging. The laser and gain values were set to fill the dynamic range of the photomultiplier tube, and frame size was set to sample at the Nyquist sampling rate (i.e., cycles per unit distance). Images were collected in 8-bit format. Images were acquired with a 20Â/0.8 NA air objective for a final magnification of 200Â per image. Simulated low-magnification images were generated by using the Zeiss tiling function, which creates a large-volume image by stitching together multiple highly resolved and magnified individual images. Following CRM, biopsies were marked and processed for standard histopathological assessment with H&E staining. Reflectance images were assessed for pathognomonic features and compared to their corresponding H&E images. All image processing was performed using linear functions within ImageJ (U.S. National Institutes of Health, Rockville, MD). For histopathologic comparison, some images were displayed in the colorized look-up table to provide increased contrast.
Statistical Analysis
Descriptive statistical analysis was used for quantitative and qualitative data assessment. Diagnostic accuracy parameters in a blinded study of CRM images are presented as sensitivity, specificity, and positive and negative predictive values. Interrater agreement was calculated as percent agreement and as Cohen's kappa.
RNA Extraction and Analysis
Seven cases that were frozen after imaging were selected to evaluate the impact that CRM may have on RNA integrity ( Table 2 ). These tissue samples included pituitary adenoma (n ¼ 1), schwannoma (n ¼ 2), meningioma (n ¼ 1), glioblastoma (n ¼ 2), and low-grade astrocytoma (n ¼ 1). Total RNA was isolated using the PureLinkRNA Mini Kit (ThermoFisher Scientific, Waltham, MA). Lysis buffer was added to homogenized tissue and lysed by repeated trituration. The lysate was centrifuged at about 2600g for 5 minutes at room temperature. One volume of 70% ethanol was added, vortexed, and passed through the spin cartridge to bind RNA to the column. Bound RNA was washed with Wash Buffer I and II (ThermoFisher Scientific) and RNA was eluted in RNase-free water in a fresh RNase-free collection tube. RNA integrity was analyzed on TapeStation (Agilent Technologies, Inc., Santa Clara, CA) using the High Sensitivity D1000 ScreenTape (Agilent Technologies, Inc.).
RESULTS
Confocal reflectance microscopy was performed in the pathology department of our institute at the time of the biopsy, on fresh tissue from 76 patients who underwent surgical resection of suspicious masses or lesions involving the CNS ( Table 1) . The ages of patients ranged from 23 to 82 years (mean, 57 years). A total of 431 images were collected for all tumors and nonneoplastic lesions, consisting of 343 CRM images of regions thought to be representative of the tumors and 88 tiled images. On retrospective analysis, 408 of all 431 images (94.7%) demonstrated architectural or cytological features characteristic of the histopathologic diagnosis, including 323 of 343 nontiled images (94.2%) and 85 of 88 tiled images (96.6%; Fig. 1 ). Excluded images appeared to be out of focus and did not demonstrate adequate contrast for histopathologic evaluation. All imaged cases had at least 1 interpretable image.
Histologic Features
Pituitary
Ten pituitary adenomas and 5 normal pituitary glands were evaluated. Pituitary adenomas demonstrated sheets of round-to-oval cells with prominent nuclei and a moderate 
Gliomas
Fifteen gliomas and 1 ganglioglioma were imaged, including 1 well-differentiated astrocytoma, 1 protoplasmic astrocytoma, 1 low-grade oligodendroglioma, 1 anaplastic oligodendroglioma, 1 anaplastic astrocytoma, 6 glioblastomas, 3 ependymomas, and 1 subependymoma. Except for the subependymoma, all gliomas demonstrated visible cell bodies on CRM; however, nuclei were often difficult to distinguish. Astrocytomas showed atypical cells, some of which exhibited abundant and prominent cytoplasmic processes (Fig. 4) . Possible focal necrosis was identified on 1 glioblastoma, as on the matched H&E section, characterized by noncellular regions lacking reflectance. Glioblastomas showed enlarged cell bodies with pleomorphic nuclei (Fig. 5) . Microvascular proliferation was not identified on H&E or CRM images. The oligodendroglioma showed an infiltrative architectural growth pattern. Tumor cell nuclei appeared round and pleomorphic, as seen on the corresponding H&E image (Fig. 6) . The single subependymoma exhibited prominent cystic spaces, similar to microcysts identified on the matched H&E section. Fibrillary stroma was especially prominent and showed increased reflectance (Fig. 7) . Ependymomas showed sheets of cellular tumor cells (Fig. 8) . Perivascular pseudorosettes were not recognized on CRM images, although they were identified on 2 of 3 cases on matched H&E slides. The ganglioglioma showed occasional cell bodies distributed in a diffuse manner. Possible Rosenthal fibers and eosinophilic granular bodies were identified on CRM (Fig. 9 ).
Schwannomas
Four schwannomas were identified, all of which exhibited reflectance in a fascicular pattern consistent with interlacing neoplastic spindle cells (Fig. 10) . The tumor tissue in all 4 cases appeared reflective. Tumor nuclei were difficult to visualize in all 4 schwannomas. In 2 cases, scattered small cells showed brightly reflective cytoplasm suggestive of interspersed macrophages. Cavernous areas lacking reflectance were interspersed throughout the tumor, consistent with tumor vasculature.
Meningiomas
Twenty-five meningiomas were visualized, including 21 grade I meningiomas and 4 atypical meningiomas (World Health Organization grade II). All meningiomas showed architectural features on CRM consistent with a diagnosis of meningioma, including lobular and fibrous growth patterns (Figs. 11, 12 ). Whorls were often identified. Refractile collagen was seen in most tumors. Fifteen of 24 (63%) tumors showed at least focally visible tumor nuclei, which appeared bright on CRM. When visible, tumor cellularity appeared similar to matched H&E sections. Round nonreflective structures suggestive of psammoma bodies were occasionally seen, similar to the corresponding H&E images. One metaplastic meningioma showed large round vacuoles consistent with adipocytes seen on H&E slides. All atypical meningiomas demonstrated prominent cells with evident nuclei. The atypical tumors appeared to demonstrate a more diffuse growth pattern than lower-grade meningiomas. Other atypical features (e.g., hypercellularity, small cell foci) identified on H&E sections were not visualized on CRM. One central neurocytoma showed sheets and clusters of cells with minimally pleomorphic dark, nonreflective nuclei, and often abundant reflective cytoplasm. CRM images showed the architecture, cellularity, and tumor cell morphology similar to that of the corresponding H&E slide (Fig. 13 ).
Paraganglioma
One paraganglioma from the carotid body showed small nests of cells in a zellballen architecture similar to that on matched H&E slides (Fig. 14) . Tumor nuclei were visible. Sustentacular cells were not identified on CRM and were difficult to distinguish on H&E slides (although highlighted with S100 immunostain).
Metastasis
Metastatic tumors from breast, tonsil, kidney, and lung were evaluated. All 4 tumors showed evident cell bodies with visible nuclei. One metastatic breast tumor showed lobules of atypical cells (Fig. 15) with prominent nuclei. One metastatic lung adenocarcinoma showed sheets of atypical cells. One metastatic squamous cell carcinoma from the tonsil showed sheets of atypical cells with visible nuclei. A metastatic high grade chromophobe carcinoma showed sheets of atypical cells with abundant cytoplasm, nuclei, and nucleoli (Fig. 16 ).
Tissue Showing Treatment Effect
Three tumors with treatment effect were evaluated. Two treated nonrecurrent glioblastomas showed sheets of fibrillary FIGURE 3. Confocal reflectance microscopy image of a normal adenohypophysis on the left (original magnification, Â200; image subsequently enlarged to approximate stained image) and the matched frozen section image (hematoxylin and eosin, Â400) of the same tumor on the right (used with permission from Barrow Neurological Institute, Phoenix, Arizona). 
reflective material consistent with necrosis and treatment effect (Fig. 17) . No tumor cells were identified on CRM or matched H&E slides. One metastatic colon tumor did not show identifiable cellularity, consistent with treatment effect observed on H&E images.
Giant Cell Tumor
One giant cell tumor of the sella was evaluated with CRM ( Fig. 18) . CRM images showed cellular tumor consisting of numerous cells with single nuclei. A possible giant cell was identified that demonstrated voluminous refractile cytoplasm with occasional intracytoplasmic dark rounded areas suggestive of nuclei. The CRM images were consistent in cellularity with the matched H&E slide.
Fibromatosis
In the 1 available case of fibromatosis, the biopsy specimen showed sheets of cells with spindle features (Fig. 19) on the matched H&E slide and CRM.
Other Findings
One benign dural-based fibrous nodule was evaluated and appeared similar histologically to the CRM images. Numerous refractile fibers were seen. One biopsy specimen from a hippocampectomy specimen resected for hippocampal sclerosis appeared hypocellular and showed numerous processes suggestive of gliosis (Fig. 20) . Neuronal cell bodies were not visualized, although they were evident on the matched H&E slide.
One extracranial soft tissue hemangioma showed cavernous spaces embedded in a fibrous stroma. Endothelial cells were not visible, similar to the histologic findings on H&E slides.
One specimen diagnosed as an "edge of cavernous malformation" showed gaping spaces in a background of brightly reflective acellular tissue consistent with brain parenchyma.
One biopsy specimen from a patient with a suprasellar cystic mass showed refractile collagenous tissue on CRM. Clusters of refractile material were identified, suggestive of calcium deposits visible on the H&E slides.
Cellular tumor was not seen, similar to findings on the H&E slides.
RNA Integrity
Tissue samples frozen immediately after CRM showed preservation of RNA integrity numbers from 7.4 to 8.8 (Table 2) .
Blinded Study
The general surgical pathologist correctly diagnosed 45 of 47 images (95.7%) as lesional and 43 of 47 images (91.5%) as tumor or not tumor. Forty of 47 images (85.1%) were labeled with the appropriate diagnosis: 2 normal pituitaries were incorrectly identified as pituitary adenoma, 1 oligodendroglioma was identified as central neurocytoma, 2 cases of FIGURE 7. Confocal reflectance microscopy (CRM) image of a subependymoma on the left (original magnification, Â200; image subsequently enlarged to approximate stained image) and the matched frozen section image (hematoxylin and eosin [H&E] , Â200) on the right. Myxoid microcysts are seen in the H&E images that correspond to the dark regions in the CRM image (used with permission from Barrow Neurological Institute, Phoenix, Arizona). treatment effect were identified as tumor, and 2 astrocytomas were identified as metastatic tumor. The neuropatholgist correctly identified 47 of 47 images (100%) as lesional and 46 of 47 images (97.9%) as tumor or not tumor (1 case of meningioma was labeled as "unsure."). Forty-five of 47 (95.8%) cases were identified with the correct diagnosis: 2 cases were marked "not sure." These 2 "missed" diagnoses included the meningioma listed above and 1 astrocytoma. The statistics for diagnostic accuracy are presented in Table 3 . Overall there was a high degree of interrater agreement (Table 4) .
DISCUSSION Histopathologic Features Observed With CRM
In this study, we evaluated the utility of CRM as an imaging modality for interrogating histopathology of fresh human CNS tumor and nonneoplastic surgical biopsy specimens. CRM immediately generated images from fresh tissue without sectioning or staining. We found CRM to be a safe and rapid technique for assessing the cellularity of fresh tissue biopsies. Label-free images acquired from CRM provided valuable real-time histopathological information from tissue specimens.
On retrospective review, 408 of 431 images (94.7%) demonstrated histopathological features consistent with the final diagnosis. In the few cases where images were unrepresentative of the tissue, other representative images from the same sample were collected. Surrounding normal structures could be ascertained, including the vasculature and fibrous tissue. CRM contrasted hypocellular tissue such as gliotic brain, hippocampal sclerosis, and necrosis (treatment effect), as well as cellular tissue as seen in most of the tumor specimens.
Patterns of tumor growth and nuclear atypia were often visible. Most cases of pituitary adenoma, central neurocytoma, paraganglioma, metastatic carcinoma, and glioma demonstrated visible tumor nuclei. Although individual tumor cells and nuclei were not visible in all specimens, architecture characteristic of the tumor were identifiable in all cases. Schwannomas demonstrated fibrous and fascicular architecture, whereas meningiomas frequently demonstrated fibrous or lobular features. Normal pituitary gland exhibited small lobules of cells, similar to pituitary gland histology, while adenomas showed sheets of cells, with a loss of normal lobularity.
To evaluate the usefulness of CRM in tissue diagnosis, 2 pathologists participated in a blinded study of 47 images. The neuropathologist correctly identified 47 of 47 cases (100%) as lesional versus nonlesional and correctly diagnosed 30 of 32 tumors (93.8%). Even the general surgical pathologist, with FIGURE 10 . Confocal reflectance microscopy (CRM) image of a schwannoma (magnification, Â200) on the left and the matched frozen section image (hematoxylin and eosin, Â200) on the right. In the CRM image, the fascicular architecture of the tumor is evident, as is a blood vessel (arrow) (used with permission from Barrow Neurological Institute, Phoenix, Arizona).
FIGURE 11.
Confocal reflectance microscopy image of a transitional meningioma (magnification, Â200) on the left and the matched frozen section image (hematoxylin and eosin, Â200) on the right (used with permission from Barrow Neurological Institute, Phoenix, Arizona).
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limited neuropathology experience, correctly identified 45 of 47 cases (95.7%) as lesional versus nonlesional and accurately diagnosed 29 of 32 tumor lesions (90.6%). The 2 cases that the neuropathologist was unable to diagnose included a meningioma and a low-grade astrocytoma. Both cases were labeled as "unsure." The meningioma showed prominent refractile collagen, but tumor cells were difficult to discern. The astrocytoma was arranged in a nested pattern, raising a differential diagnosis of metastatic carcinoma and, in fact, the surgical pathologist incorrectly diagnosed this tumor as metastatic carcinoma. The surgical pathologist also incorrectly identified 2 normal pituitary specimens as adenoma, a difficult differential diagnosis even on routine frozen section analysis, especially without the benefit of a touch preparation (Table 5 ). However, touch preparation slides could be created from pituitary specimens prior to CRM to aid with diagnosis. Overall, the study showed high diagnostic accuracy of the CRM images interpreted by the neuropathologist and general pathologist, with a high degree of agreement, a sensitivity of >97%, and a specificity of >73% for both readers. The diagnostic accuracy obtained from CRM images of brain lesions was similar to that reported for CRM of skin (10) .
One disadvantage of the study format was that both pathologists reviewed only 1 representative image when, in reality, multiple images, and even whole tiled images, can be created from a single tissue specimen. Additional images may therefore have been helpful in reaching a correct diagnosis. These diagnoses were rendered after a short tutorial presentation and no previous exposure to CRM. With additional experience, it is likely that accuracy at tissue diagnosis would improve.
RNA Integrity
Tissue samples, which were frozen after CRM, showed preservation of RNA integrity within ranges reported to be FIGURE 12. Confocal reflectance microscopy (CRM) image of a transitional meningioma on the left (magnification, Â200) and the matched frozen section image (hematoxylin and eosin, Â200) on the right. Nuclei are visible in the CRM image, as are psammoma bodies (arrow) and lobules of tumor cells (used with permission from Barrow Neurological Institute, Phoenix, Arizona).
FIGURE 13.
Confocal reflectance microscopy image of a central neurocytoma with lobular architecture on the left (original magnification, Â200; image subsequently enlarged to show detail) and the matched frozen section image (hematoxylin and eosin, Â200) on the right (used with permission from Barrow Neurological Institute, Phoenix, Arizona).
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Confocal Reflectance Microscopy of Brain Tumors acceptable for genomic studies, including microarray and RNA-sequencing (11), with most values >8 considered acceptable for all molecular studies, suggesting that CRM does not adversely affect RNA integrity values. However, the sample sizes were small and larger sample sizes are needed to validate these results. One factor that was not controlled for in this study was the time to the freezing of tissue. Because of concurrent clinical duties in attending to the frozen section tissue which was received concurrently, delays in time to imaging were not standardized.
Utility of CRM
Intraoperative missampling of tissue can lead to incorrect diagnoses or under-grading of tumors, which is a commonly reported source of error in neuropathology frozen section and permanent section biopsy analysis (12) (13) (14) (15) . Because of the difficulty in grossly distinguishing edematous brain and necrotic tissue from tumor tissue, intraoperative consultation with the pathologist is often requested by the surgeon to determine adequacy of biopsied tissue. Although frozen section preparation is the clinical standard for generating intraoperative diagnoses, it also has the secondary function of screening tissue samples from biorepositories before distribution. However, frozen sections are time-consuming, generate tissue artifacts from freezing, and lose valuable tissue through sectioning (16) .
Sampling error in the selection of tissue can also have detrimental effects on tissue collected for research studies, clinical trials, and biobanking. Patient tissue is increasingly FIGURE 14 . Confocal reflectance microscopy image of a paraganglioma with zellballen architecture on the left (original magnification, Â200; image subsequently enlarged to approximate stained image) and the matched frozen section image (hematoxylin and eosin, Â400) on the right (used with permission from Barrow Neurological Institute, Phoenix, Arizona).
FIGURE 15.
Confocal reflectance microscopy image of a metastatic breast carcinoma on the left (original magnification, Â200; image subsequently enlarged to approximate stained image) and the matched frozen section image (hematoxylin and eosin, Â400) on the right (used with permission from Barrow Neurological Institute, Phoenix, Arizona). being selected intraoperatively or in the pathology laboratory for molecular studies, the results of which can determine the course of treatment. The misrepresentation of nonneoplastic tissue as tumor tissue can have costly and potentially disastrous effects on study results and on patient treatment. Confocal reflectance microscopy can generate images from fresh biopsies within seconds without freezing, sectioning, staining, or further processing. Therefore, CRM does not produce the freezing artifacts common in frozen sections, and it can generate potentially diagnostic images for immediate feedback regarding the adequacy of the tissue biopsy. CRM does not involve embedding specimens in an embedding medium, and it does not subject tissue to fluorescent dyes. Furthermore, we found CRM was capable of producing useful images from minute tissue samples that likely would not have survived frozen-section processing. Compared to current clinical standards, CRM provided valuable information in a shorter time frame.
Confocal reflectance microscopy images can also be digitally stored, with implications for clinical diagnosis and biobanking. Images can theoretically be captured rapidly (in most cases, in <10 minutes) by trained operating room or pathology staff for intraoperative clinical use. These images can be digitally transmitted to a pathologist at a remote location for confirmation of tissue adequacy for diagnosis. Tissue can then be fixed in formalin and processed for permanent H&E slides to be read at a later date by the pathologist. Imaged tissue stored in a biobank can have the matched CRM images stored in a digital catalog or library for future recall before tissue distribution to ascertain the adequacy of tissue. Likewise, CRM images of patient tissue sent for molecular analysis can be transmitted digitally to laboratories or centers for clinical trials. The limitations of CRM include limited imaging depth and significant equipment costs. In our studies, CRM provided detailed images from tissue depths of 200-300 lm, which limited the amount of information obtained from larger biopsies. However, in tissue samples <1-mm-thick, CRM provided images from most of the tissue volume. In addition, CRM requires point-scanning imaging systems, which are routinely available in basic science laboratories, but may be costprohibitive for smaller pathology departments in healthcare settings. The cost of these systems is likely to decrease as imaging technologies advance.
A potential future application of this novel reflectance imaging technology may include adaptation to handheld confocal laser endomicroscopy for in vivo use (17) . Unlike previously described in vivo confocal techniques, CRM does not require the use of intravenous or topical fluorescent agents (18, 19) .
Confocal reflectance microscopy shows promise as a screening tool for the selection of representative tumor for use FIGURE 18 . Confocal reflectance microscopy image of a giant cell tumor of the sella (arrows) on the left (original magnification, Â200; image subsequently enlarged to approximate stained image) and the matched frozen section image (hematoxylin and eosin, Â400) on the right (used with permission from Barrow Neurological Institute, Phoenix, Arizona). in diagnosis, molecular studies, and biobanking. It can provide rapid feedback as an intraoperative tool to guide clinicians in the selection of diagnostic material, thereby avoiding errors in diagnosis based on unrepresentative tissue. The time required for frozen section diagnosis can also result in prolonged patient anesthesia, whereas CRM can be performed more rapidly, sometimes in a matter of seconds. In addition, CRM can assure the banking of representative tissue for research studies, molecular studies, and patient clinical trials. In summary, label-free optical imaging approaches such as CRM are emerging methods for microscopically interrogating tissue for diagnostic adequacy, without sectioning or staining, while preserving tissue integrity for molecular studies and pathology evaluation. 
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